Introduction
Influenza is associated with significant morbidity in solidorgan transplant (SOT) recipients [1, 2] . While the main preventive strategy against influenza after transplantation remains annual influenza vaccination [3] , the immunogenicity and efficacy of influenza vaccine are suboptimal in this population [4] . This is mainly due to the use of immunosuppressive drugs to avoid rejection in transplant recipients, which inhibit mainly T-cell, but also B-cell, activation. The immunosuppressive regimen usually consists of an induction therapy at time of transplantation, either basiliximab or antithymocyte globulins (ATG) [5] followed by maintenance immunosuppression [6] . Basiliximab is a monoclonal antibody that binds the ␣-chain (CD25) of the interleukin 2 receptor, inhibiting T-cell activation, but without a depleting effect on lymphocytes [7] . On the other hand, ATG contains polyclonal IgG from rabbits immunized with human thymocytes, which blocks T-cell membrane proteins causing prolonged T-cell depletion [8] . Despite lower T-cell counts in patients receiving ATG, humoral responses to seasonal influenza vaccine were similar in kidney transplant recipients receiving either ATG or basiliximab as induction therapy [9] .
A significant challenge for assessing the efficacy of influenza vaccine is the lack of validated markers of vaccine responses in immunocompromised patients. The hemagglutination inhibition (HI) assay correlates with vaccine protection in immunocompetent patients, but it remains unclear whether the HI assay can predict protection against influenza in patients receiving immunosuppressive drugs, such as in SOT recipients [10] [11] [12] . Cell-mediated immunity appears to be a promising predictor of vaccine response [13] [14] [15] . Induction of T-cell immune responses, mediated by CD4+ and CD8+, is a crucial step for reducing the severity of symptoms and for preventing complications of influenza in the general population [16, 17] . Granzyme B levels, a marker for T-cell responses, have been correlated with clinical vaccine protection against influenza in the elderly [16] . Another key component of the immune response to influenza vaccination is antigen-specific longlived plasma cells and memory B-cells (MBC). MBC are generated in response to T-dependent antigens and they differentiate into plasma cells secreting high-affinity antibodies upon re-exposure to antigen, therefore increasing the effectiveness of the antibody responses [18] .
There is little information about the impact of immunosuppressive regimens on T-cell and B-cell responses elicited by influenza vaccination. In particular, only few studies have assessed the influence of induction therapy on immune responses after organ transplantation [19, 20] . We therefore studied humoral, T-cell, and B-cell responses after influenza vaccination in a prospective cohort of SOT recipients receiving basiliximab or ATG.
Materials and methods

Study population and study design
Adult SOT recipients were recruited prospectively from the outpatient clinic of the Transplantation Center of the University Hospital of Lausanne, Switzerland, during the 2012-2013 influenza season. Patients were included if they were scheduled to receive the influenza vaccine, had undergone kidney or heart transplantation more than 3 months before vaccination, had received induction therapy with basiliximab or ATG, and were 18 years or older. The exclusion criteria were documented egg allergy, an acute febrile illness within the 7 days preceding vaccination, the occurrence of an episode of clinical or biopsy-proven acute rejection 4 weeks before vaccination, and previous life-threatening reaction to influenza vaccine. The study was approved by the local institutional review board and an informed consent was signed by all the participating patients.
At enrollment (day 0, pre-vaccination), a baseline blood sample was collected to measure the titers of antibody levels against each viral strain, specific T-cell and B-cell immune responses, as well as the CD4 + and CD8 + T-cell counts. Patients then received a single 0.5 ml intramuscular injection of the trivalent influenza vaccine in the deltoid muscle of the non-dominant arm. In this study, we used the non-adjuvanted, inactivated trivalent influenza vaccine Mutagrip ® (Sanofi-Pasteur MSD, Baar, Switzerland) or Influvac ® (Abbott AG, Switzerland). These vaccines contain 15 g of HA antigen from each viral strain [A/California/7/2009 (H1N1)pdm09-like virus, A/Victoria/361/2011 (H3N2)-like virus, and B/Wisconsin/1/2010-like virus]. At 6 weeks after vaccination, a second blood sample was collected to measure the humoral and cellular immune responses to the vaccine. Patients were followed up for 6 months for the development of influenza infection and acute allograft rejection.
Immunosuppressive protocol
Kidney transplant recipients received per protocol induction therapy with basiliximab at 20 mg at days 0 and day 4 posttransplant. In case of re-transplantation or high immunologic risk (defined as the presence of anti-HLA antibodies or a panel reactive antibodies (PRA) of >50%), ATG (Thymoglobulin ® , Sanofi Genzyme, Marcy L'Etoile, France) was administered at doses of 1-1.5 mg/kg/day for 3-4 days. In case of delayed graft function [6] , basiliximab was discontinued and ATG was initiated using the same regimen described above. A daily bolus of intravenous methylprednisolone was given during the first 3 days after transplantation. Initial maintenance immunosuppressive therapy consisted of tacrolimus, mycophenolic acid (MPA, either as mycophenolate mofetil or sodium) and steroids. Heart transplant recipients received per protocol induction therapy with ATG (same doses as above) and maintenance therapy with cyclosporine or tacrolimus, MPA, and steroids. In case of transplantation in patients with a ventricular assist device implanted pre-transplant, induction therapy with basiliximab instead of ATG was used.
For the purposes of this study, patients were included in the ATG group if they have received at least one dose of ATG for (1) induction therapy or (2) in case of delayed graft function or (3) for treatment of acute rejection (irrespective of whether they had previously received basiliximab). All other patients were included in the basiliximab group.
Laboratory assays
Total lymphocyte and lymphocyte subpopulation cell counts were performed at the Laboratory of Immunology, CHUV; Lausanne, Switzerland, using a FacsCalibur flow cytometrer (BD Bioscience, San Jose, CA, USA).
The hemagglutinin inhibition (HI) assay was used to analyze the antibody response and was performed at the Health Protection England (HPE) in London, United Kingdom, according to standardized methods [21] . Serum samples were tested with the use of 1:2 serial dilutions at an initial dilution of 1:10. Samples with a negative result for the hemagglutinin antibody were assigned a titer of 1:5. Specimens were tested in duplicate, and results were expressed by the geometric mean titer for analysis.
Peripheral blood mononuclear cells (PBMC) were isolated by density gradient Ficoll separation. PBMCs were then washed, counted and frozen in fetal bovine serum (FBS) containing 10% dimethyl sulfoxide (DMSO) at −80 • C overnight and then transferred to liquid nitrogen until use. Lymphocytes were defrosted and rested overnight in RPMI medium with 10% fetal calf serum at 37 • C. T-cell responses were assessed by detecting IFN-␥ production, after stimulation with the 3 viral strains, using a standard ELISpot assay [22] [23] [24] . Briefly, cells (400,000 cells/well) in RPMI medium with 10% fetal calf serum were cultured on a pre-coated IFN-␥ plates (Mabtech AB, Sweden) with negative control (medium alone) or influenza antigens (5 g/ml of split virus vaccine of each influenza strain A/H1N1, A/H3N2, B strain). After overnight incubation (37 • C, 5% CO 2 ) the assay was developed according to the manufacturer's instructions and the plates were read using Immunoscan TM reader and associated software (CTL-Europe). Results were expressed as spot-forming cells (SFC)/10 6 PBMCs after subtraction of the background value obtained with non-stimulated cells.
Intracellular cytokine staining (ICS) was performed to measure influenza-specific CD4 Th1 cytokines interleukin-2 (IL-2) and tumor necrosis factor-␣ (TNF-␣). PBMC were stimulated overnight with a mixture of the three split virus antigens in the vaccine, A/H1N1, A/H3N2 and B (2.5 g/ml of each protein) in the presence of Brefeldin A, Monensin and anti-CD49d antibodies (BD Biosciences, USA). After ovenight stimulation, cells were stained for intracellular cytokines and analyzed on a BD LSRFortessa (BD Biosciences) for the expression of IFN-␥, IL-2 and TNF-␣ from CD4 + T-cells [24, 25] . CD4 + T cells were classified on the basis of IFN-␥, IL-2, and TNF-␣ secretion as single producers (producing any single cytokine), double producers (2 cytokines), and triple producers (all 3 cytokines).
Influenza-specific and total IgG memory B-cell responses were evaluated after a 7 day in vitro stimulation using direct influenzaspecific ELISpot for each of the three viral strains [26] . Total IgG-MBC responses were measured after being stimulated for 7 days with Pokeweed mitogen (Sigma) and ODN-2006 (Integrated DNA Technologies). A total of 50,000 cells/well for detection of influenza specific cells were plated for the B-cell ELISpot. The number of spots counted varied, but ranged from 0 to 100 spots per well.
For both T-cell and B-cell ELISpot lymphocytes from a healthy volunteer were included as a positive control in all assays. The average number of SFC for this individual was 487 IFN-␥ SFC/10 6 PBMC (for T-cell ELISpot), 624 IgG-MBC/10 6 PBMC (for H1N1 MBC ELISpot), 494 IgG-MBC/10 6 PBMC (for H3N2 MBC ELISpot), 1156 IgG-MBC/10 6 PBMC (for influenza B MBC ELISpot), and 167750 IgG-MBC/10 6 PBMC (for total IgG-MBC ELISpot).
Clinical definitions and outcomes
The vaccine induced antibody responses were evaluated according to the European Agency for the Evaluation of Medicinal Products [27] . Seroconversion rate was defined as the percentage of patients with ≥4-fold increase in antibody titers against influenza after vaccination. Seroprotection rate was defined as the percentage of patients with an HI after vaccination of 1:40 or more. We use the Beyer correction to take into consideration the presence of prevaccination antibodies in the seroconversion rate [28] . We defined antibody vaccine response as corrected seroconversion to at least one viral strain. As no correlate of protection has been defined, results of the T-cell responses (by IFN-␥ Elispot and by ICS) and the MBC responses are shown descriptively.
Statistical analysis
The primary endpoint was the seroconversion rate (serological response with a four-fold or greater increase in HI antibody). With a planned sample size of 30 patients per group we expected to have a power of 80% to detect a difference in the seroconversion rate of 30% between groups (e.g. 50% vs. 80% seroconversion rate in the ATG group vs. basiliximab group). Comparisons between the two groups were performed by the Fisher's exact test in case of categorical variables, and by the Wilcoxon rank test in case of continuous variables. The proportion of serological responders (≥ 4-fold increase in HI antibody titers) between baseline and 6 weeks after vaccination was compared by the Fisher's exact test. Antibody titers, IFN-␥ SFC counts, ICS data, and IgG SFC counts between pre and post-vaccination were compared with the Wilcoxon rank test. The Spearman test was used to correlate humoral and cellular immune responses, and T-cell subpopulation counts. All analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Two-tailed p-values <0.05 were considered statistically significant.
Results
Baseline characteristics of the study population
A total of 71 patients were enrolled in the study (64 kidney, 5 heart, 1 heart-kidney, and 1 kidney-pancreas recipient) and received the influenza vaccine. Overall, 43 patients received basiliximab and 28 patients received ATG (14 received only ATG as induction therapy and 14 received ATG after basiliximab, 12 for delayed graft function and 2 to treat an episode of acute rejection). Of note, 66 patients received a subunit virus vaccine and 5 patients a split virus vaccine. Two patients were lost to followup; immunogenicity of the vaccine was therefore assessed in 69 patients. Baseline characteristics are shown in Table 1 . The median of total lymphocyte and CD4 + T-cell counts were significantly lower in patients who had received ATG induction (909 cells/mm 3 and 313 cells/mm 3 , respectively) as compared to patients who had received basiliximab (1466 cells/mm 3 and 667 cells/mm 3 , respectively). None of the patients was diagnosed with influenza in the follow-up 6 months after vaccination.
Antibody response to influenza vaccine in patients receiving induction therapy
The HI antibody responses in patients stratified according to induction therapy (basiliximab or ATG) are summarized in Table 2 . There was a significant increase after vaccination for all three antigens (p < 0.0001 for H1N1, p < 0.0001 for H3N2, and p < 0.0001 for B). No differences were observed in influenza H1N1 and H3N2 HI titers between the basiliximab and ATG groups 6 weeks after vaccination (p = 0.89 for H1N1, and 0.49 for H3N2). The antibody response against influenza B was significantly higher in ATG group, in terms of HI titers (10.33 in the basiliximab group vs. 25.92 in the ATG group, p = 0.007) and in the seroprotection rate (17.1% vs. 50%, respectively, p = 0.007). The Beyer corrected seroconversion rates were 26.8% for H1N1, 34.1% for H3N2 and 4.9% for influenza B in the basiliximab group and 35.7% for H1N1, 42.9% for H3N2 and 14.3% for influenza B in the ATG group (p = 0.44, p = 0.61, and p = 0.21, respectively).
We then analyzed other potential clinical variables that influenced antibody response (defined as corrected seroconversion to at least one viral strain). We did not find any difference in terms of organ transplanted or immunosuppressive regimen. For example, vaccine response was 46.2% in patients receiving MPA as compared to 52.9% in patients without MPA (p = 0.78), and 54.1% in patients receiving tacrolimus as compared to 25% in patients without tacrolimus (p = 0.15). MPA dosage did not influence the seroconversion rate after vaccination (r = −0.17 for H1N1, r = 0.07 for H3N2 and r = −0.06 for influenza B). Median time from transplantation was 25.5 months (range 9-73) in responders as compared to 29 months (range 7-65) in non-responders (p = 0.84). Median CD4+ and CD8+ T-cell counts were 498 (range 321-865) cells/ml and 382 (range 233-612) cells/ml in responders, and 490 (range 259-744) cells/ml and 348 (range 182-648) cells/ml in non-responders, respectively. Lower vaccine responses were not observed in patients with previous allograft rejection (n = 7, data not shown).
T-cell-mediated immune responses to influenza vaccine
T-cell-mediated immune responses to influenza vaccine were determined by the IFN-␥ ELISpot assay after stimulation with a mix of the 3 viral strains in 67 patients and by ICS in 51 patients. The number of patients in whom cell-mediated immunity was assessed varied according to the number of available cells for each patient. Table 3 and Fig. 1 show the IFN-␥ response by ELISpot in patients stratified according to the induction regimen received (basiliximab *p = 0.0007, **p = 0.05, ***p = 0.004 before and after vaccination. [n = 40] or ATG [n = 27]). While IFN-␥ secretion increased in both groups six weeks after vaccination (p = 0.05 for the basiliximab group and 0.004 for the ATG group), the differences between the two groups were not statistically significant. The use of a particular drug for maintenance immunosuppression did not influence the IFN-␥ secretion after vaccination (data not shown). In particular, differences in T cell-mediated immune responses were not observed according to the dose of MPA received. Fig. 2A shows the frequencies of influenza-specific CD4+ Tcells secreting either a single Th1 cytokine (IFN-␥, TNF-␣, or IL-2) or simultaneously producing more than one cytokine (multifunctional cells) before and after vaccination in all 51 patients. The percentage of IFN-␥ (p = 0.01) and TNF-␣ (p = 0.006) single-cytokine producing cells was significantly higher after vaccination compared with pre-vaccination levels, as well as the percentage of multifunctional T-cells, with a significant increase in cells producing 2 cytokines (IL-2 + TNF-␣ + , p = 0.02) and all 3 cytokines (IFN-␥ + IL-2 + TNF-␣ + , p = 0.01). When we looked at the multifunctional CD4+ T cell responses in the basiliximab [n = 30] and the ATG [n = 21] groups, we observed a higher percentage of specific CD4+ T-cells expressing all three cytokines in the ATG group (median of 0.021%), as compared to in the basiliximab group (median of 0.010%, p = 0.14), although the differences were not statistically significant (Fig. 2B ).
B-cell-mediated immune responses to influenza vaccine
We then assessed the total and influenza MBC responses by ELISpot in 64 patients. Overall, no significant increase in the median number of IgG-MBC/10 6 PBMC was observed against any of the three viral strains (H1N1, p = 0.94; H3N2, p = 0.34; influenza B, p = 0.79) (Fig. 3A) . The total IgG MBC responses did not increase after vaccination either (p = 0.19) ( Fig. 3B) .
MBC responses were assessed in 38 patients in the basiliximab group and 26 patients in the ATG group (Fig. 4) . IgG-MBC/10 6 PMBC levels after vaccination were generally lower in the ATG group as compared to the basiliximab group for each of the three viral strains, although these differences were not statistically significant. The post-vaccination total IgG responses were significantly lower in the ATG group compared with the group that received basiliximab (6327 vs. 11905 IgG-MBC/10 6 PBMC, p = 0.05).
The B-cell responses were not influenced by the maintenance immunosuppressive regimen received (data not shown). However, we observed a positive correlation between CD4 + T-cell count and influenza A H1N1 IgG MBC response (r = 0.34 and p = 0.005) and with total IgG MBC response (r = 0.31 and p = 0.01) ( Supplementary  Fig. 1 ). We also assessed the influence of influenza vaccination on the previous year on MBC responses. MBC responses were not statistically different in patients with or without previous influenza vaccination (30 vs. 0 for H1N1 [p = 0.37], 40 vs. 5 for H3N2 [p = 0.24], and 60 vs. 15 for B [p = 0.64], respectively). Fig. 2 . Influenza specific CD4 + T-cell response following influenza vaccination. PBMCs were isolated and stimulated with a mix of the three viral strains to measure the frequency of CD4 + cells producing interleukin-2 (IL-2), interferon-␥ (IFN-␥) and tumor necrosis factor ␣ (TNF-␣) by multiparametric flow cytometry (ICS). The percentage of specific CD4 + cells before vaccination is shown in black and data after vaccination are represented in gray. Each dot represents one individual and bars show the median. 
Correlation between humoral and cellular responses
We assessed the T-cell and B-cell immune responses in patients with or without an antibody response to each of the three influenza strains ( Supplementary Table 1 ). Overall, we did not observe any significant differences between antibody vaccine responders and non-responders in terms of IFN-␥ median SFC, percentage of multifunctional specific CD4+ T cells, and specific IgG MBC responses for any of the three viral strains. Correlation between antibody titers and number of IgG SFC for each of the viral strains showed only weak non-significant correlation with the H3N2 strain, but not with the other strains ( Supplementary Fig. 2 ). Fig. 4 . MBC immune response according to induction therapy (basiliximab or ATG). Peripheral blood mononuclear cells were stimulated in vitro with mitogens for 6 days before an Elispot assay was performed to measure influenza-specific IgG response for each viral strain (A, B and C) or total IgG response (D) according to induction therapy (basiliximab or ATG). The pre-vaccination data are shown in black and the post-vaccination data in gray. Each dot represents one individual and bars show the median. A Mann-Whitney test was performed to attest of the statistical significance.
Influence of time from transplantation to vaccination on immune responses
Overall, 22 patients were transplanted in the year preceding vaccination; 11 in the ATG group and 11 in the basiliximab group. Data on humoral and T-cell responses were available for 21 patients (11 ATG and 10 basiliximab). The Beyer corrected seroconversion rates were 45.5% for H1N1, 36.4% for H3N2 and 18.2% for influenza B in the ATG group and 40% for H1N1, 50% for H3N2 and 0% for influenza B in the basiliximab group (p = 0.87, p = 0.38, and p = 0.39, respectively). No difference was seen in median IFN-␥ secretion 6 weeks after vaccination (60.0 SFC/10 6 PBMC for ATG and 60.6 SFC/10 6 PBMC for basiliximab [p = 0.84]). Regarding B-cell immune response analysis, data was available for 19 patients (10 in ATG and 9 basiliximab). Median IgG-MBC/10 6 PBMC were 5 for H1N1, 0 for H3N2 and 15 for influenza B in the ATG group and 10 for H1N1, 40 for H3N2 and 70 for influenza B in the basiliximab group (p = 0.91, p = 0.31, and p = 0.54, respectively).
Discussion
In this cohort of SOT recipients we assessed the humoral and cellular immune responses after influenza vaccination in patients receiving two different types of anti T-cell therapies. We did not observed any significant difference between both therapies in terms of humoral, T-cell, and B-cell mediated immunity against influenza, independently of the time from transplant and other clinical parameters. A significant result of the study is the finding that influenza vaccination elicited rather appropriate antibody and Tcell responses. Also, we observed a poor memory B-cell response to the vaccine that was not correlated with previous use of the influenza vaccine.
According to previous studies, the immunogenicity of influenza vaccine is reduced in SOT recipients, with up to 15-70% of patients failing to respond to the vaccine, depending on the organ transplanted, the immunosuppressive regimen, and the time of vaccination after transplant [29] [30] [31] [32] [33] . In our study, previous administration of induction therapy had no impact on the influenza vaccine response (humoral and cellular) even though the CD4+ cell count was lower in the group that had received ATG. The similar antibody responses observed are in keeping with our previous study, where lymphocyte-depleting antibodies did not influence the antibody response to influenza vaccination [9] . This can be partially explained by the fact that we included stable SOT recipients, several months after transplantation, in whom the impact of a particular immunosuppressive drug could have been less evident than just after transplantation.
We observed a high seroprotection rate and a low seroconversion rate in our population, independent of the induction therapy received. This is most likely due to a high number of patients having detectable antibodies pre-vaccination, reflecting previous use of influenza vaccine in our patient cohort [30, 34, 35] . After taking into consideration the pre-vaccination titers [28] , seroconversion rates increased up to 32-38% for influenza A strains, a rate near of the 40% seroconversion rate which is considered as appropriate for the general population [9, 36] .
Specific T-cell and B-cell responses have also been implicated in protection against influenza [16] . However, characteristics of the cellular immune response to influenza vaccine in immunocompromised patients, such in SOT recipients [4, 23, 37, 38] are not widely reported. Because of lower CD4+ T-cell counts, we expected lower influenza specific T-cell mediated responses in patients receiving ATG, but this was not observed in our study. This can be partially explained by a lack of correlation between absolute CD4+ cell counts and the functional activity of these cells after antigenic stimulation. For example, in a cohort of kidney transplant recipients, the use of ATG was associated with the development of severe infections late after transplantation only in patients with impaired T-cell proliferation, but this was independent on the absolute numbers of CD4+ cells. Also, CD4+ cell counts were not associated with Il-2 expression or CD4 helper activity, supporting our data of an appropriate multifunctional specific T-cell response to influenza vaccine in patients with low CD4+ cell counts [7, 39] .
B-cell responses after influenza vaccination in immunocompromised patients have been insufficiently reported. In a prospective study involving 64 HIV-infected individuals, influenza vaccination elicited a poor MBC response, as compared to healthy volunteers. CD4+ T cell count in HIV-infected individuals was a critical determinant of this response [26] . These results agree with our study, where the MBC response was not enhanced after vaccination and was correlated with the CD4+ T-cell count. Interestingly, the baseline MBC response observed in this study was generally lower than what we observed in a cohort of healthcare workers [40] . It is unclear why the SOT recipients elicited a weak baseline MBC response, but previous studies identified the use of MPA as a responsible for a reduced HLA-DR expression on B cells after influenza vaccination [41] . Defective MBC responses were not observed in other studies including stable kidney transplant recipients [42] and HIV-infected children vaccinated against influenza [43] .
One of the limitation of our study is that we did not include a control group of healthy volunteers or a group of transplant recipients that did not receive any induction therapy (at our center all patients receive induction therapy as per protocol) to compare the breadth of the vaccine immune responses; however, humoral and T-cell responses were consistent with those observed in previous studies in SOT recipients, and met the recommendations of European authorities. Also, we included a somewhat heterogeneous population in terms of transplant type and immunosuppressive regimens; we did not observe however differences in vaccine responses according to any specific drug. This could be also explained by the relatively modest sample size of our study. While we only evaluated one single time-point after vaccination, previous work has showed that a significant increase in blood MBC levels was observed between 27-42 days after influenza vaccination in healthy adults [40, 44] .
In conclusion, our study showed that vaccination can induce influenza-specific humoral and T-cellular immunity in most kidney and heart transplant recipients. No correlation was found between humoral and cell-mediated immunity and no clinical factor influencing this response was identified. Because most patients were vaccinated years after transplant, the vaccine responses observed in our study might not be representative of all SOT recipients. More work will be necessary to further analyze this defective MBC response in transplant recipients.
